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ILLUMINATION OPTICAL APPARATUS 
USING DIFFERENT NUMBER OF LIGHT 

SOURCES UNDER DIFFERENT EXPOSURE 
MODES, METHOD OF OPERATING AND 

METHOD OF MANUFACTURING THEREOF 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This is a division of application Ser. No. 08/921,311 filed 
Aug. 29, 1997, now U.S. Pat No. 5,815,248; which is a 
continuation of Application No. 08/636,272 filed Apr. 29, 
1996 (abandoned); which is a continuation of application 
Ser. No. 08/231,159 filed Apr. 22, 1994 (abandoned). 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to an illumination optical 
apparatus and method suitably applicable to exposure appa- 
ratus used in the photolithography process for fabricating for 
example semiconductor devices, liquid crystal display 
devices or thin-film magnetic heads. 

2. Related Background Art 

The photolithography process for fabricating for example 
the semiconductor devices employs a projection exposure 
apparatus having an illumination optical system for irradi- 
ating illumination light from a light source onto a photomask 
or a reticle (which will be collectively referred to as a reticle) 
and a projection optical system for projecting an image of a 
pattern on the reticle onto a substrate (semiconductor wafer, 
glass plate, etc.) coated with a photosensitive material 
(photoresist). A recent trend is to use reduction projection 
exposure apparatus of the step-and-repeat method, i.e., 
so-called steppers, as disclosed for example in U.S. Pat. No. 
4,699,515. 

In order to enhance illuminance uniformity on the reticle, 
the projection exposure apparatus uses a fly-eye type optical 
integrator (fly-eye lens) for example as disclosed in U.S. Pat. 
No. 4,619,508 or U.S. Pat. No. 4,668,077. The exit plane of 
fly-eye lens is a Fourier transform plane for the pattern 
surface of reticle in the illumination optical system. A 
surface illuminant image (an aggregation of point sources 
corresponding to associated lens elements constituting the 
fly-eye lens) is formed at this plane. 

Further, U.S. Pat. No. 4,497,013 or U.S. Pat. No. 4,497, 
015 discloses such an arrangement that two fly-eye lenses 
are aligned along the optical axis of illumination optical 
system to greatly increase the number of point sources 
whereby the illuminance uniformity is improved on the 
reticle. Also, U.S. Pat. No. 4,918,583 discloses an arrange- 
ment using a rod-type optical integrator together with the 
fly-eye lens to improve the illuminance uniformity, and U.S. 
Pat. No. 5,153,773 discloses an arrangement in which a 
plurality of beams are made obliquely incident into the 
fly-eye lens to increase the number of point sources whereby 
the illuminance uniformity is improved. If a high-power 
laser such as an excimer laser is used and when a laser beam 
therefrom is focused on the exit plane of fly-eye lens to form 
point sources there, each lens element could be damaged 
thereby. Thus, U.S. Pat. No. 4,939,630 suggests such an 
arrangement that the point sources are formed at positions 
apart from the exit plane of fly-eye lens. 

Incidentally, the entrance plane of fly-eye lens is conju- 
gate with the pattern-formed surface of reticle. Because of 
this, a light quantity loss of illumination light becomes 
minimum when the entrance plane of each lens element is 
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similar to an effective pattern area of reticle (a maximum 
area of pattern to be projected onto the substrate). Actually, 
the effective pattern area of reticle is often rectangular, 
because chip patterns of LSI or the like are rectangular. 
5 Therefore, the shape of the entrance plane of each lens 
element in the fly-eye lens is rectangular (of course, the 
shape of the exit plane is also rectangular). 

An image field of the projection optical system used in 
steppers is rectangular but considerably close to square, i.e., 
10 rectangular with the vertical or longitudinal length being not 
so different from the horizontal or transversal length. 
Accordingly, the shape of the entrance plane of each lens 
element in the fly-eye lens is also rectangular but close to 
square. On the other hand, there are steppers with a fly-eye 
15 lens having square lens elements in cross section, because 
the effective pattern area itself of the reticle is square. 

Accordingly, the conventional fly-eye lenses for steppers 
are formed such that lens elements each with square or 
almost-square-rectangular cross section are arranged verti- 
20 cally and horizontally. Light source images are formed on or 
near the exit plane of respective lens elements, so that the 
light source images are formed as an aggregation arranged 
in a grid pattern at same or slightly different longitudinal and 
transversal pitches. 
25 Since the degree of integration for semiconductor devices 
is becoming increasingly higher these days, it is required to 
further enhance the resolution (i.e., resolving paver) of a 
pattern projected onto the substrate. To meet the 
requirement, the numerical aperture of the projection optical 
30 system could be increased to improve the resolution, but it 
is not practical because the depth of focus becomes too 
shallow. Then there is a proposition of the modified light 
source method in which the shape of secondary light sources 
(or tertiary light sources, etc.) is modified in various ways in 
35 the illumination optical system to improve the resolution or 
the depth of focus of the projection optical system. In the 
modified light source method one of apertures of various 
shapes is set on the exit plane of fly-eye lens, that is, on the 
plane in a relation of Fourier transform with the reticle 
40 pattern. Further, the annular illumination method employs 
an aperture for making the shape of secondary (or tertiary) 
fight sources annular. 

As for the steppers, the longitudinal pitch is not so 
different from the transversal pitch for point light sources 
45 (secondary or tertiary light sources) formed on or near the 
exit plane of fly-eye lens. There are, however, recent propo- 
sitions of a scanning projection exposure apparatus with an 
aspect (length-to-width) ratio of the effective pattern region 
on the reticle being greatly offset from 1:1, as disclosed in 
50 U.S. Pat. No. 4,747,678, U.S. Pat. No. 4,924,257 or U.S. Pat. 
No. 5,194,893. A stepper can be so arranged that the 
effective pattern area is 100 mm square on a reticle, that is, 
a good-image range in the image field of the projection 
optical system (with projection magnification of 1) is 141 
55 (=2 1/2 xl00) mm in diameter In contrast, in case a 
scanning projection exposure apparatus has the same good- 
image range of the projection optical system, i.e., (j)=141 
mm, an illumination area on the reticle has the width in the 
scanning direction of 44.7 mm and the width in the non- 
60 scanning direction perpendicular to the scarming direction, 
of 134.2 mm. That is, the aspect ratio of the illumination area 
is approximately 1:3. Accordingly, an area of chip pattern 
transferable onto the substrate by one scanning exposure is 
134.2 mmx(maximum movement stroke in the scanning 
65 direction) on the reticle. This permits the scanning projec- 
tion exposure apparatus to form a considerably large chip 
pattern as compared with the steppers. 
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However, the scanning projection exposure apparatus 
must be so arranged, in order to decrease a loss in illumi- 
nation light quantity, that the cross section of each lens 
element in the fly -eye lens is rectangular with an aspect ratio 
of 1:3, matching with the shape of the illumination area on 
the reticle. The lens elements of such cross section cause no 
problems in respect of machining or in respect of light 
quantity. However, point light sources formed on the exit 
plane of fly-eye lens have a longitudinal pitch three times 
larger than the transversal pitch. Such a large difference 
between the longitudinal (scanning direction) pitch and the 
transversal (non-scanning direction) pitch of point sources 
could cause a problem that imaging properties (exposure 
amount, resolution, depth of focus, etc.) in the scanning 
direction for an image of reticle pattern are different from 
those in the non-scanning direction. Further, if the annular 
illumination method or the modified light source method is 
employed, the above problem becomes more pronounced 
because an aperture stop shields illumination light from 
specific lens elements in the fly-eye lens so as to decrease the 
number of point sources. 

Even if the annular illumination method or the modified 
light source method is applied to the projection exposure 
apparatus in which the effective pattern area on the reticle is 
rectangular with the aspect ratio of approximately 1:1, such 
as the steppers, there could occur such a problem that the 
imaging properties are different from each other for example 
between two orthogonal directions. The present applicant 
has proposed a method of improvement in U.S. application 
Ser. No. 020,775 (filed Feb. 22, 1993, corresponding to U.S. 
Pat. No. 5,335,044 issued Aug. 2, 1997). This method of 
improvement is, however, effective up to about 1:1.5 of the 
aspect ratio of effective pattern area, but cannot be so 
effective when the aspect ratio exceeds for example about 
1:2, 

In case a laser beam is used as the illumination light, light 
source images formed on the exit plane of lens elements in 
the fly-eye lens are almost point sources, which necessitates 
no consideration on a light quantity loss. In contrast, if, for 
example, the g line or i line from a super-high pressure 
mercury lamp is used as the illumination light, the light 
source images become a kind of surface illuminant Then, 
with use of a fly -eye lens including a bundle of lens elements 
rectangular in cross section with the illumination light from 
the mercury lamp, such a problem could occur that the 
illumination light is eclipsed in the transverse direction of 
each lens element whereby a sufficient quantity of light 
cannot be attained. 

Hence, in case of the fly-eye lens including a bundle of 
lens elements rectangular in cross section being used, a 
plurality of light sources are arranged along the longitudinal 
direction of lens elements and beams from the light sources 
are guided into the fly-eye lens in mutually different 
directions, for example as disclosed in Japanese Laid-open 
Pat. No. Application No. 5-45605. Then there are a plurality 
of images corresponding to the light sources formed along 
the longitudinal direction on the exit plane of a lens element 
in the fly-eye lens, improving the illuminance uniformity 
and the illumination power (illuminance) on the reticle. 

The arrangement as disclosed in the above Japanese 
application, however, has such a problem that if the plurality 
of light sources have different illumination powers illumi- 
nance unevenness occurs on the exit plane of fly -eye lens so 
as to lower the illuminance uniformity on the reticle. Also, 
in case one out of the plurality of light sources is off (e.g., 
burned out), the illuminance unevenness on the reticle 
would become out of a permissible range. Further, the 
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apparatus must be stopped during exchange of the light 
source, which causes a problem of a great decrease in 
throughput. 

Further, a recent report showed an improvement in depth 
5 of focus or in resolution by optimizing the a value (a value 
of reticle-side numerical aperture of illumination optical 
system/reticle-side numerical aperture of projection optical 
system) of illumination optical system in accordance with a 
reticle pattern. It becomes thus important to set the a value 
10 of illumination optical system accurately to its optimum 
value. The a value of illumination optical system is deter- 
mined according to the diameter of illuminance distribution 
of light source images on the exit plane of fly-eye lens 
(which is a plane conjugate with the pupil plane of projec- 
I 5 tion optical system). Because of a nonuniform illuminance 
distribution of light source images, such a problem would 
occur that the substantial a value determined from the 
illuminance distribution (effective a value) is different from 
the design a value (nominal a value). 

20 

SUMMARY OF THE INVENTION 

It is a first object of the present invention to provide an 
illumination optical apparatus and method which can have 

25 improved illuminance uniformity on the reticle and which 
can set the imaging performance in the longitudinal direc- 
tion of illumination area as close to that in the transversal 
direction thereof even if the illumination area on the reticle 
has an aspect ratio greatly offset deviating from 1:1. It is a 

30 second object of the present invention to provide an illumi- 
nation optical apparatus and method which can obtain 
excellent illuminance uniformity even with use of a plurality 
of light sources. 

An illumination optical apparatus for achieving the first 

35 object of the present invention has a light source for pro- 
ducing illumination light, a light source image forming 
member for forming a plurality of light source images with 
illumination light incident thereon, a condenser lens system 
for condensing beams from the plurality of light source 

40 images to illuminate a mask, and a wavefront splitting 
member disposed between the fight source and the light 
source image forming member, for splitting a wavefront of 
the illumination light from the light source into a plurality of 
wavefronts. 

45 In the apparatus for achieving the first object of the 
present invention, the wavefront splitting member is set in 
the vicinity of the entrance plane of the light source image 
forming member, for example a fly-eye type optical inte- 
grator (fly -eye lens), whereby a beam to be incident into the 

50 fly-eye lens is split into a plurality of beams traveling in 
mutually different directions. By this, the plurality of beams 
are incident at mutually different incident angles on the 
fly-eye lens. Since the exit plane of fly-eye lens is nearly in 
a relation of Fourier transform with the entrance plane 

55 thereof, a plurality of light source images are formed by each 
lens element on or near the exit plane of fly-eye lens. If an 
aspect ratio of illumination area on a mask is for example l:n 
(where n is an integer of not less than 2), an aspect ratio of 
the lens element is also set approximately to l:n. In this case, 

60 the wavefront of a beam to be incident into the fly -eye lens 
is split into n wavefronts in the transversal direction, using 
the wavefront splitting member. This can set the longitudinal 
pitch as nearly equal to the transversal pitch as to the light 
source images formed on the exit plane of fly-eye lens. 

65 Accordingly, the imaging performance can be kept almost 
identical between a pattern having longitudinal periodicity 
and a pattern having transversal periodicity on the mask. 
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A first illumination optical apparatus for achieving the the second light source, the illuminance distributions of light 

second object of the present invention has a fly-eye type source images can be kept uniform on the exit plane of 

optical integrator composed of a plurality of optical ele- fly-eye lens. Also, even if one of the first and second fight 

ments rectangular in cross section, for forming a plurality of sources should be off, no illuminance unevenness would 

light source images, a condenser lens system for condensing 5 occur because light source images of the other light source 

beams from the plurality of light source images to supply the are formed in a same density distribution, 

beams to a mask, a beam splitting member for splitting a since ^ ^ ilhimination optical apparatus is directed to 

beam incident thereon in a first direction into a plurality of & ^ ^ whicfa ^ Qptical ^ of the fct Hght S01irce 

beams traveling in respective directions having different intersects ^ the optical axis of the second i igh t source, the 

components along the longitudinal direction of the optical 10 stmcture of the optical system is re i at ively simple. Even if 

elements to supply the beams to the fly-eye type optical ^ ^ of ^ first Hght SQurce fe paraUel t0 the 

integrator and for splitting a beam incident thereon in a ^ ^ Qf ^ Hght source> Ught scmrce images 

second direction different from the first direction into a be superimposed over each other on the exit plane of 

plurality of beams travelmg m the respective directions to fl ^ « such m arrangement tha t beams from the two 

supply the beams to the fly-eye type optical integrator, a first 15 _ sQmces ^ supp i ied to the fly-eye lens in a same 

Hght source for supplying illumination Hght to the beam direction in a super imposed manner, enjoying the same 

splitting member in the first direction, and a second hght operational effect as the first iUumination optical apparatus, 

source for supplying illumination Hght to the beam splitting Thig ^ seen {n thfi illuminat i oa optical apparatus, 

member in me second direction ^ ^ illuminatioQ tical a . 

Also, a jS econd illumination optical system for achieving 20 for ^ ^ secoad rf ^ pregeat 

the second object of the present mvention has a fly-eye type Qf beams each containing a beam from 

optical integrator composed of a plurality of optical ele- i igh t source and a beam from the second Hght source 

ments rectangular in cross section, for forming a plurality of ^ made f addent on tical elements? at mutually different 

Hght source images, a condenser lens system for conning q£ ^ ^ formed on 

beams from the plurality of light source images to supply the 25 ^ > ^ ^ ^ ^ fly _ eye kns each 

beams to a mask, a first light source and a second light c 4 binatioa 0 f illumination Hght from the first Hght 

source disposed at mutually different positions and a beam ^ iUumination ^ from the Hght source . 

splitting member for splitting illumination light from the QO illumination unevenness wfll occur even if 

first Hght source into a plurality of beams traveling in there fc & difeence ^ (intensity) between the 

respective directions having different components along the 3 o miiminatiDn light from the first Hg ht source and the illumi- 

longitudinal direction of the optical elements to supply the ^ ^ ^ eyen 

beams to the fly-eye type optical integrator and for splitting . f ^ * onc of the H ht fc off , t he illuminance 

illumination light from the second light source into a phi- unifonnity wm not be degra ded (although the Uluminance is 

rality of beams traveling m the respective _ directions to ^ ^ ^ ^ ^ means ^ durfng 

supply the beams to the fly-eye type optical integrator 3 5 an ex " e operation one G f the first and second light 

In the first illumination optical apparatus as described sQurces ^ othef ^ gource may b& exchanged or adjusted, 

above, the beam splitting member sphts the illumination ^ ^ ^^^^ use of the illumination optical 

light from the first light source for example into a first beam ^ which ^ ^ the thr0U g hp ut Particularly in case 

and a second beam, which are supplied to the fly-eye type q£ ^ ^ sQUrces being ^ the speckle pattem can be 

optical integrator (fly-eye lens). Also, the illummation Hght 4 o decreased because of ^ use 0 f a combination of plural laser 

from the second light source is split by the beam splitting beams 

member for example into a first beam and a second beam, ^ ' . t „ ^ 

which are supplied to the fly-eye lens. In this case, the ^h", m case the scanning exposure appara * _ rced 

illumination light incident on" the fly-eye lens in the first to perform pattern exposure ^ » h «^"?' ™* 

direction is a combination of a first beam arising from the 45 Photoresist, scannmg speeds for example of wafer and ma k 

firstlightsourceandthenspUtbythebeamsplittingmember ^"^J^^^^^Z^S* 

with a first beam arising from the second light source and ^ scanning speeds of stages. Then the lUumuw o e of 

then split by the beam splitting member. On the other hand, ^mmation hght must be lowered usmg for example an ND 

the illumination light incident on the fly-eye lens in the Such * <f> ls ™ h * ^ t "rfation 

second direction is a combination of a second beam arising 50 of he , firSt *? Se f °° nd h § ht ~ "JSdJtZSTf 

from the first fight source and men split by the beam splitting opbcal apparatus of me present mventon a jtog waste of 

member with a second beam arising from the second light illumination P°wer and extendmg the hfe of light sources, 

source and then split by the beam splitting member. Furthermore, since a plurality of Ught source images are 

Accordingly, there are two light source images formed formed by each optical element in the fly-eye lens along the 

corresponding to the illumination light beams incident in the 55 longitudinal direction thereof, the substantial a value of the 

first direction and in the second direction for each optical illumination optical system is made almost coincident with 

element in the fly-eye lens, as juxtaposed along the longi- the design a value obtaimng a uniform illummance distri- 

tudinal direction thereof. This makes the density of hght b"tion on the exit plane of fly-eye lens. Additionally, wb e 

source images in the longitudinal direction on the exit plane an increase m luminance of light sources is ordinarily -likely 

of fly-eye lens nearly equal to that in the transversal direc- 60 to increase the production cost of light sources, the first or 

tion. Also, light source images of each light source are second illumination optical apparatus of the present mven- 
independently formed on the exit plane of fly-eye lens, and tion can use a plurality of low-luminance and cheap light 
two light source images corresponding to the first Hght sources to increase the illuminance, whereby the production 
source and two light source images corresponding to the cost thereof can be reduced. 

second light source are superimposed on each other on the 65 It is also preferred that the illumination optical apparatus 
exit plane of one optical element. Thus, even if the illumi- for achieving the second object of the present invention be 
nance of the first light source image is different from that of arranged to have a first photoelectric detector for receiving 
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part of illumination light from the first light source, a second optically transparent substrate 6 enters a fly-eye type optical 

photoelectric detector for receiving part of illumination light integrator (hereinafter referred to as a fly-eye lens) 7. 

from the second light source, and an adjuster for adjusting The fly-eye lens 7 includes a bundle of double convex lens 

the illuminance for at least one of the first and the second elements la, lb, . . . each rectangular in cross section. The 

light sources in accordance with photoelectric signals from 5 entrance plane of each of plural lens elements la, lb, . . . is 

the first and second photoelectric detectors. This arrange- arranged nearly conjugate (in an imaging relation) with a 

ment permits the intensity of illumination light from the first pattern-formed surface of reticle 13. Also, an image 

light source to be kept equal to that of illumination light (secondary light source) of the light source 1 is formed on 

from the second light source, further improving the illumi- the exit plane of each lens element la, lb,..., and the exit 

nance uniformity on the mask. 10 plane of fly-eye lens 7 is kept in an optical relation of Fourier 

transform with the pattern-formed surface of reticle R. 

BRIEF DESCRIPTION OF THE DRAWINGS An apertoe stop (o gtop) g having a circular (or 

FIG. 1 is a drawing to show the structure of a projection rectangular) aperture %a is set in the vicinity of the exit plane 

exposure apparatus provided with an illumination optical . of fly-eye lens 7. The aperture stop 8 is incorporated with 

system according to a first embodiment of the present 15 and fixed on a holding member (for example, a turret plate, 

invention a slider > etc 0 10 together with an aperture stop for annular 

FIG. 2 is an enlarged drawing of a diffraction grating plate Rumination 9 having an annular aperture 9a and an aperture 

a a , , ■! Dir 1 stop for modified light source illumination (not shown), 

and a fly-eye lens in FIG. 1. Rofating the holding member 10 by means of a driving 

FIG. 3A is a drawing of the diffraction grating plate m 20 m ^ a ap£rture stQp ^ Qng the above aper _ 

FIG. 1 as seen from the fly-eye lens side; and ^ stopg cm h& ^ ^ iUumination optica i pat h. 

CI FIG. 3B is a drawing to show the fly-eye lens and an mumination light IL2 passing through the aperture stop 8 

aperture stop in FIG. 1 as seen from the reticle side. advances through a condenser lens group 11 and via a mirror 

FIG. 4 is a drawing to show an arrangement in which an 12 t 0 illuminate a pattern 14 on the reticle 13 with nearly 

aperture stop for annular illumination method is located on 25 un if orm illuminance. Light passing through the pattern 14 or 

y ; | the exit plane side of the fly-eye lens in FIG. 1. light diffracted by the pattern 14 is condensed and focused 

i;JJ FIG. 5 is a drawing to show an arrangement in which an by a projection optical system 15 to form an image of the 

aperture stop for modified light source method is located on pattern 14 on a wafer 16. The wafer 16 is held on a wafer 

the exit plane side of the fly-eye lens in FIG. 1. stage 17. The wafer stage 17 is composed of an XY stage 

^ FIG. 6 is a drawing to show an arrangement in which a two-dimensionally movable in a plane perpendicular to the 

£3 blazed diffraction grating is used as a wavefront splitting optical axis AX of the projection optical system 15 and a Z 

member sta S e movaole & tne direction of the optical axis AX, 

L FIG. 7 is a drawing to show the structure of an Alumina- tnr0U S h a motor 18 

r " tion optical system according to a second embodiment of the 35 In case the Projection exposure apparatus of the present 

^ present invention embodiment is used for the slit scan exposure method 

k s ™~ « . 1 ' • .t. . ^ * ■ *• (scanning type), a reticle stage 19 for holding the reticle 13 

m FIG. 8 is a drawing to show the structure of a projec^n ^ as movabl ^ ne . dimensionally on a reticle 

^ exposure apparatus with which the illumination optical ^ ^ scaQning ^ wafef 

^ system m FIG. 7 is used. ^ 1? fe moyed ^ ^ plaQe ofmG x in synchronization 

^ FIG. 9 is a drawing for illustration of three fly-eye lenses 4U ^ movement 0 f me reticle stage 19 on the reticle support 

in FIG. 7. table 20 out of the plane of FIG. 1, for example. The reticle 

FIG. 10A and FIG. 10B are drawings to show a light ^ move d by means of a drive unit incorporated in the reticle 

source image or light source images on the exit plane of each support table 20. In this case a main control system 21 

lens element in the fly-eye lens. 45 executes a control for synchronously moving the reticle 

FIG. 11 is a drawing to show a modification of the stage 19 and the wafer stage 17. Further, the main control 

illumination optical system in the second embodiment. system 21 also controls a rotational angle of the holding 

FIG. 12 is a drawing to show the structure of an illumi- member 10 through the driving system 10« to exchange the 

nation optical system according to a third embodiment of the aperture stop 8 for another aperture stop, for example for the 

present uivention 50 aperture st0 P for annular illumination or the aperture stop for 

v ' modified light source illumination, and controls operations 

DESCRIPTION OF THE PREFERRED 0 f the entire apparatus. 

EMBODIMENTS The operation of the present embodiment will be next 

The first embodiment of the present invention will be described, assuming that the projection exposure apparatus 

described referring to FIG. 1. FIG. 1 shows the scheme of a 55 of the present embodiment is of the slit scan exposure type, 

projection exposure apparatus provided with an illumination In this case, an illumination area (effective pattern area) on 

optical apparatus according to the present embodiment. In the reticle 13 illuminated by the illumination optical system 

FIG. 1, fllumination light IL1 emitted from a light source is of a considerably slender rectangle (for example having an 

(for example a mercury lamp) 1 is reflected by an elliptic aspect ratio of about 3:1). Then, it is preferred that an aspect 

mirror 2 and then converged by an input lens system 3. After 60 ratio of cross section of each lens element la, lb,... m the 

that, the illumination fight advances via a bending mirror 4 Ay-eye lens 7 is about 3:1. 

and through an input lens 5 to become a beam of nearly FIG. 3B is a drawing to show the exit plane of fly-eye lens 

parallel rays. Further, the iUumination light IL1 is incident 7 and the light source images (secondary light sources) 

on an optically transparent substrate 6 in which a phase type, formed by the lens elements in the present embodiment as 

one-dimensional diffraction grating G is formed on the exit 65 seen from the reticle side, in which light source images 22b, 

side, so that zeroth-order diffraction light and ±first-order 22d, . . . represented by black dots are those formed by the 

diffraction light emerging from the diffraction grating of the respective lens elements in the same manner as in the 
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conventional apparatus. Let AX be the longitudinal width of exit plane (secondary light source formed surface) of fly-eye 

the lens elements arranged in a grid array in the circular lens 7. This is described for example in U.S. application Ser. 

aperture 8a of aperture stop 8 and AY be the transversal No. 020,775 ^(filed Feb 22, 1993 corresponding to U S. Pat 

width. lUen, since the aspect ratio (i.e., AX: AY) is 3:1, the No^ 5,335,044 issued Aug. 2 1997) and ^ 

aspectratioofarrayp^ s **™ ^^]^^^!& 

22d, . . . represented by the black dots is also 3.1. ^ ^J Qmd) Specifically, among the light source 

The present embodiment includes the optically transpar- i mage s (secondary light sources) in FIG. 3B, light source 

ent substrate 6 with the diffraction grating G formed therein images within vertical regions VI and V2 surrounded by 

as set before the fly-eye lens 7, as shown in FIG. 1. The dashed lines are effective to increase the resolution and the 

function of the diffraction grating G is described below 10 depmoffocus for a pattern having vertical periodicity, while 

referring to FIG, 2. light source images within horizontal regions Hi and H2 

FIG 2 is a side view of the fly-eye lens 7 and the optically surrounded by upper and lower chain double-dashed lines 

transparent substrate 6. In FIG. 2, the phase diffraction are effective to increase the resolution and the depth of focus 

grating G is formed on the exit plane of the optically for a pattern having horizontal periodicity ^ 

transparent substrate 6 with projections Ga and recesses Gb 15 Concerning this point, the conventional illumination opti- 

arranged at pitch P in the direction parallel to the plane of cal system forms the light source images (secondary light 

FIG. 2. FIG 3A is a drawing to show the diffraction grating sources) including only the images (22b . . ) by the zeroth 

r nf vm 2 fl « seen from the flv-eve lens 7 side The order diffraction beam as obtained m the present 
G of FIG. 2 as seen Horn the fly eye lens / siae. ine ^ 

diffraction grating G is a one^mensional phase grating in ™^ n ^ reg ions VI, V2 is different from that in 

which the hatched projections Ga and the white recesses Gb ™ rizQntal regior J H l, H2. This will result in causing a 

are arranged in the vertical direction Returning to FIG. 2, difference in d ± of focus or a difference in line width 

W the illumination light IL1 as converted into a beam of nearly ( difference in exposure amount) between a pattern having 

parallel rays enters the optically transparent substrate 6 to verdcal periodicity an d a pattern having horizontal period- 

reach the diffraction grating G, and thereafter is split by the ^ icity on ^ ret i c t e> 

J; diffraction grating G for example into a zeroth order dif- Iq contrast? the p resen t embodiment is arranged to 

UJ fraction beam IL(0) and ±first order diffraction beams IL(+ increase the number of secondary light sources in the 

yjS 1) and IL(-1), i.e., into three diffraction beams in total. i ong itudinal direction as formed in the circular aperture Ha 

These three diffraction beams emerge at mutually different in the aperture stopj a s shown in FIG. 3B, by use of the 

angles (diffraction angles) from the diffraction grating G ^ optically transparent substrate 6 with the diffraction grating 

then to enter the fly-eye lens 7. q formed thereon in the illumination optical system. This 

fj| Among these three diffraction beams, the zeroth order arrangement can minimize a difference (length-to-width 

diffraction beam IL(0) represented by a solid line forms a difference) between the longitudinal pitch and the transver- 

? light source image 22a, 22b, ... on the center of the exit sa i pitch in the array of secondary light sources, permitting 

H : plane of each lens element la, lb, . . . similarly as in the 35 the secondary light sources to be formed with a more ideal 

conventional example with no diffraction grating G. The distribution (almost uniform distribution). Further, the num- 

+first order diffraction beam IL(+1) represented by a broken ber of light source images in the vertical regions VI, V2 can 

line forms a light source image 23a, 236, ... on an upper t> e arranged as equal to or almost equal to the number of light 

portion of the exit plane of each lens element, while the source images in the horizontal regions HI, H2. This will 

-first order diffraction beam IL(-l) represented by a broken 4Q res ult in no difference in line width or no difference in depth 

line forms a light source image 24a, 24b, ... on a lower 0 f focus between a pattern having vertical periodicity and a 

portion of the exit plane of each lens element, thus forming pattern having horizontal periodicity. 

three light source images per a lens element. Generalizing Below described are cases in which the aperture stop for 

this, supposing n (n is an integer of not less than 2) annular illumination method or the annular stop for modified 

diffraction beams emerging from the diffraction grating G 45 ti gnt source method is placed on the exit plane side of 

are used, n light source images are formed on the exit plane fly-eye lens 7 instead of the ordinary aperture stop 8. 

of each lens element. PIG. 4 shows a case in which an aperture stop for annular 

As described previously, FIG. 3B is a drawing to show the illumination having an annular aperture 9a is set on the exit 

exit plane of fly-eye lens 7 and the light source images plane side of the fly-eye lens 7. In FIG. 4, without the 

(secondary light sources) formed by the lens elements in the 50 diffraction grating G of FIG. 1, there are light source images 

present embodiment as seen from the reticle side. As shown (22b, . . . ) formed only by the zeroth order diffraction beam 

for a representative lens element lb in FIG. 3B, a light as represented by solid dots in the annular aperture 9a. With 

source image 22b by the zeroth order diffraction beam on iy the light source images by the zeroth order diffraction 

represented by a black dot is formed approximately at the beam the number of light source images in the vertical 

center of lens element lb similarly as in the conventional 55 regions VI, V2 (six in FIG. 4) is, however, different from 

example with no diffraction grating G. On the other hand, that in the horizontal regions HI, H2 (eight in FIG. 4), which 

light source images 23fo, 24b represented by blank circles, would cause a difference in line width or a difference in 

which are formed by the ±first order diffraction beams, depth of focus between a pattern having vertical periodicity 

respectively, are formed at positions vertically shifted from and a pattern having horizontal periodicity. In contrast, when 

the center in accordance with the periodicity of diffraction 60 the diffraction grating G is set as in the present embodiment 

grating G. It is of course apparent that the shifting direction to add the light source images (23a, . . . ) formed by the ±first 

of the light source image 236 by the +first order diffraction or der diffraction beams, the number of light source images 

beam is opposite to that of the light source image 24b by the m the vertical regions VI, V2 (eighteen in FIG. 4) becomes 

-first order diffraction beam. equal to that in the horizontal regions HI, H2 (eighteen in 

Regarding the modified light source method, it has been 65 FIG. 4), realizing the same imaging performance between a 

found that the effect of the light source images differs pattern having vertical periodicity and a pattern having 

depending upon the positions of light source images on the horizontal periodicity. 
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FIG. 5 shows a case in which an aperture stop for tion beam is separated by a distance Q, which is defined by 

modified illumination method having four apertures 25a to the following formula, on the exit plane from the light 

25d is located on the exit plane side of fly-eye lens 7. In FIG. source image 23a by the +fiist order diffraction beam (or 

5, without the diffraction grating G of FIG. 1, light source from the light source image 24a by the -first order diffrac- 

images (22d, . . . ) only by the zeroth order diffraction beam 5 tion beam), 
as represented by solid dots are formed within the apertures 

25a to 25d. With only the light source images by the zeroth Q=(UP)f K ) 
order diffraction beam the number of light source images in Supposing the longitudinal length of each lens element 
the vertical regions VI, V2 (four in FIG. 5) is, however, la ?fc {jy th& fly _ eye lens ? is AX and the transversal 
different from that in the horizontal regions HI, H2 (twelve 10 len 'gth thereof (in the direction perpendicular to the plane of 
in FIG. 5), which would cause a difference m lme width or mQ ^ {& tfae i ong itudinal distance Q between the 
a difference in depth of focus between a pattern having ^ &omc& by ^ zerQth order diction beam and 
vertical periodicity and a pattern having horizontal period- ^ Hght sQmc& by the +first order diffraction beam 
icity. In contrast, if the diffraction grating G is set as m the ^ by ^ _ &st ofder diffraction beam ) ^ determined as 
present embodiment to add light source images (23a, . . . ) 15 Am ^ caQ make tfae longitudinal p i tcri 0 f secondary 
formed by the ±first order diffraction beams, the number of Hght gources coincident with the transversal pitch thereof, 
light source images in the vertical regions VI, V2 (twenty m Ffom formula ^ t he following is a condition for setting the 
FIG. 5) becomes equal to that in the horizontal regions HI, distance q to AX /3 accordingly. 
H2 (twenty in FIG. 5), realizing the same imaging perfor- 
mance between a pattern having vertical periodicity and a 20 (xyP)/=A#3 (6) 
pattern having horizontal periodicity. . _ 

The diffraction grating G employed in the present Specifically, consider an example in which the focal 

embodiment is next described in detail As shown in FIG. 2, length f of lens elements is 60 mm, the longitudinal eng h 

the diffraction grating G is a one-dimensional phase diffrac- AX of lens elements is 30 rnm and the exposure wavelength 

tion grating. Since almost all incident rays emerge from the 25 X is 0.365 /im Then the pilch P of diffraction grating G is 

phase diffraction grating, such a grating is advantageous in 2.19 ^m from formula (6) 

respect of the utihzation factor of a quantity of illumination Meanwhile, in case of the aforementioned diffraction 

Hght as compared with an amplitude diffraction grating. It is grating G being set m the vicimty of the entrance plane of 

a^o desirable that among diffraction beams emerging from fly-eye lens 7 it rs conceivable hat an image of ji&act on 

the diffraction grating G the three diffraction beams of the 30 grating G is formed on the reticle and on the wafer, which 

zeroth order diffraction beam IL(0) and the -first order could be a cause of lUuminance unevenness. In practice, 

diffraction beams IL( + 1), IL(-1) are so arranged as to be however, the image of ^diffraction grating G will never be 

nearly identical in n4niity transferred onto the wafer because of the dep« 

in orderto obtair „ = 
diffraction gating G let a be the wid* of Projections Ga P & a Qf 

where the phase of phase grating G is 0 Mim) and b be the J J approximately to the 

width of recesses Gb where *e phase k j5 ff=^ tte * ^ ^ ^ of jection re 

case the intensity I of zeroth ^^^.^J^ apparatus) between the entrance plane of fly-eye lens 7 and 

intensity l +1 of +first order diffraction beam and the intensity PP J £ chance ^ ^ 

I_ of -firstorderdxffraction beam are determined asfollows ™ g g rating g G fa erroQeo y us ly transferred onto the 

with a constant A. wafer Jn practicej the diffraction grating G may be arranged 

2 m several mm apart from the entrance plane of fly-eye lens 7. 

/ 0 = A\a + b • fflsp(«5)[ Also? the d iff rac tion grating image is averaged on the wafer 
; _ / ( 2) 45 by illumination light from a plurality of lens elements, and, 

\ t * / ,~ , * • < fc / M i2 therefore, a chance of erroneous transfer of the image of 

= Al^/^is^/^-ex^W/^l diffract . on grating G fe low 

Particularly in case of the scanning exposure apparatus, 
Further calculation of formula (1) and formula (2) pro- the direction of diffraction grating G (fection of 
vides the following formulas. so periodicity) shown m FIG. 3Amay be arranged to be s hght y 

inclined (or rotated) (for example about 1 mrad) relative to 
. _ (3 ) the scanning direction, so that the scanning exposure opera- 

o/ " c a){ c ° } tion can average fine light quantity unevenness due to the 

i +1 /a = i i/a (4) transfer of diffraction grating, which could appear on the 

= 2P 2 /^)sin 2 (^/P)(l-co^) 55 wafer. Then there is no concern as to the transfer of 

diffraction grating. In this case the direction of diffraction 
beams emerging from the diffraction grating is also deli- 
Therefore, if the width a and the phase 6 are determined cately changed. Thus, the positions of light source images 
to equalize formula (3) with formula (4), the intensities of (23b, . , . ) represented by the blank circles in FIG. 3B are 
the three diffraction beams, i.e., the zeroth order diffraction 60 also finely shifted horizontally. Since the shift amount is 
beam IL(0) and the ±first order diffraction beams IL(+1), very small, there is no adverse effect caused on the imaging 
IL(-1), become substantially equal to each other. properties. 

Next, the value of pitch P of diffraction grating G differs Although the present embodiment (FIG. 1) employed a 
depending upon the focal length of lens elements la, lb, . . single stage of fly-eye lens 7, a second fly-eye lens (or rod 
. in the fly-eye lens 7. Letting f be the focal length of lens 65 type optical integrator) may be added closer to the light 
elements and \ be the wavelength of illumination light IL1, source than the fly-eye lens 7 and the optically transparent 
then the light source image 22a by the zeroth order diffrac- substrate 6, for example as disclosed in U.S. Pat. No. 
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4,497,015 or U.S. Pat. No. 4,918,583. It is preferable in this 
case that a cross section of each lens element in the second 
fly-eye lens is arranged to be substantially of a square or a 
regular hexagon matching with the contour of the fly-eye 
lens 7 shown in FIG. 3B. With the addition of the second 5 
stage fly-eye lens the light source images in FIG. 3B are 
multiplied so that even the number of light source images 
only by the zeroth order diffraction beam is not just one. The 
number of light source images by the zeroth order diffraction 
beam becomes equal to the number of lens elements in the 1Q 
second fly-eye lens. Of course, the number of light source 
images formed by each of the ±first order diffraction beams 
also becomes equal to the number of lens elements in the 
second fly-eye lens, which further enhances the illuminance 
uniformity on the surface of wafer. 

The present embodiment employs the diffraction grating 15 
G to split the wavefront of a beam incident into the fly-eye 
lens 7, but the wavefront may be split using a blazed 
diffraction grating for example. 

FIG. 6 shows a state in which a blazed diffraction grating 
26 is set in the vicinity of the entrance plane of fly-eye lens 20 
7. In FIG. 6 the illumination light IL1 of nearly parallel rays 
is incident into the diffraction grating 26. Surfaces 27a 
inclined in the clockwise direction and surfaces 29a inclined 
in the counterclockwise direction are periodically formed at 
~f J a predetermined pitch in the direction parallel to the plane of 25 

■4^ FIG. 6 on the exit-side surface of diffraction grating 26. A 

03 beam having passed through the diffraction grating 26 as it 

. S is (the zeroth order diffraction beam) forms a light source 

"fj image 22a, 22b, ... in the vicinity of the exit plane of each 

4? lens element 7a, lb, ... in the fly-eye lens 7. Also, a beam 30 

\| refracted by an inclined surface 21a forms a light source 

gskj image 23a, 23&, ... in the vicinity of the exit plane of each 

^ lens element la, lb, ... , while a beam refracted by an 

5 inclined surface 29a forms a light source image 24a, 246, . . . 

jy^. in the vicinity of the exit plane of each lens element 7a, 35 

I a lb, . . . In FIG. 6 the blazed diffraction grating 26 has a pitch 

jj^ nearly equal to the pitch of fly-eye lens 7. Actually, the pitch 

fH of diffraction grating 26 is set to the same as the pitch of the 

above-described diffraction grating G in FIG. 2. 

As described above, the wavefront of illumination light 40 
IL1 can be split using the blazed diffraction grating 26, so 
that the number of light source images formed on the exit 
plane of fly-eye lens 7 can be increased in a desired 
direction, whereby the longitudinal pitch of light source 
images can be readily equalized to the transversal pitch. 

Also, the wavefront of illumination light IL1 may be split 
into two polarization components for example using a 
Wollaston prism as the wavefront splitting member. 

The second embodiment of the present invention is next 
described referring to FIG. 7 to FIG. 9. In the present 
embodiment the present invention is applied to an illumi- 
nation optical system in a scanning projection exposure 
apparatus. 

FIG. 8 shows the scheme of the scanning projection 
exposure apparatus in the present embodiment. In FIG. 8, 
exposure light EL from an illumination optical system (FIG. 
7) illuminates a local rectangular area on a reticle 112 and a 
projection optical system 108 projects an image of pattern in 
the illuminated area onto a wafer 5. During exposure by the 
slit scan method the reticle 12 is moved relative to the 
illumination area of exposure light EL at velocity V in a 
direction perpendicular to the plane of FIG. 1, for example 
out of the plane, and, in synchronization with the movement 
of reticle, the wafer 5 is moved relative to the illumination 
area at velocity V/M (where 1/M is a projection magnifica- 
tion of projection optical system 108) in a direction perpen- 
dicular to the plane of FIG. 1, for example into the plane. 
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Next described are driving systems for the reticle 112 and 
the wafer 105. A coarse motion stage 110 movable in the Y 
direction (the direction perpendicular to the plane of FIG. 8) 
is mounted on a support table 109. A fine motion stage 111 
is further mounted on the Y stage 110 and a reticle 112 is 
held through a vacuum chuck on the fine motion stage 111. 
The fine motion stage 111 is arranged to be movable in the 
X direction, in the Y direction and in the rotational direction 
(8 direction) in a plane perpendicular to the optical axis AX 
of projection optical system 108, so that it controls the 
position of reticle 12 by a fine amount and with high 
precision in each direction. Amoving mirror 121 is set on the 
fine motion stage 111 whereby an interferometer 114 on the 
support table 109 always monitors the position of the fine 
motion stage 111 in the X direction, in the Y direction and 
in the 6 direction. Position information SI obtained from the 
interferometer 114 is supplied to a main control system 
122A. 

On the other hand, a Y stage 102 movable in the Y 
direction is mounted on a support table 101 and an X stage 
103 movable in the X direction is mounted on the Y stage 
102. Further, a Z stage 104 movable in the Z direction is set 
on the X stage 103 and the wafer 105 is held through a finely 
rotatable wafer holder (8 table) on the Z stage 104. Amoving 
mirror 7 is fixed on the Z stage 104 whereby an interfer- 
ometer 113 disposed outside always monitors the position of 
Z stage 104 in the X direction, in the Y direction and in the 
0 direction. Position information obtained from the interfer- 
ometer 113 is supplied to the main control system 112A. The 
main control system 122A controls positioning operations of 
the Y stage 102 to the Z stage 104 through a drive unit 22B, 
and totally controls the operations of the entire apparatus. 

Although detailed later, a reference mark plate 106 is 
fixed near the wafer 105 on the Z stage 104 in order to attain 
a correspondence between the wafer coordinate system 
defined by the interferometer 113 and the reticle coordinate 
system defined by the interferometer 114. There are various 
marks formed on the reference mark plate 106. One of the 
reference marks is a reference mark illuminated from the 
back by the illumination light guided into the Z stage 104, 
which is a radiative reference mark. 

Alignment microscopes 119, 120 are arranged above the 
reticle 112 of the present embodiment in order to simulta- 
neously observe a reference mark on the reference mark 
plate 106 and a mark on the reticle 112. Further, there are 
45 movable mirrors 115, 116 for guiding detection light from 
the reticle 112 to the alignment microscopes 119, 120, 
respectively. With start of exposure sequence drive units 
117, 118 withdraw the mirrors 115, 116, respectively, out of 
the optical path of exposure light EL under a command from 
50 the main control system 122A. 

FIG. 7 shows the illumination optical system in the 
present embodiment. In FIG. 7, a current is supplied under 
a predetermined voltage from a lamp power source 132A, 
132B to a first light source 131A or a second light source 
55 131B of a mercury lamp. An elliptic mirror 133A, 133B is 
provided for collecting light from the first or second light 
source 131A, 131B, respectively. A light source check 
sensor 135 A, 13 5B is disposed near the back face of the 
elliptic mirror 133A, 133B, respectively. The first light 
60 source check sensor 135A is composed of a photoreceptor 
for receiving leaking light from the elliptic mirror 133 A and 
a timer for integrating a time while a photoelectric conver- 
sion signal from the photoreceptor exceeds a predetermined 
level. The second light source check sensor 135B is simi- 
65 larly constructed. 

The first light source check sensor 135A supplies infor- 
mation concerning a lighting time of the first light source 
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131A and information concerning whether the first light 
source 131A is on at the moment to an exposure amount 
control system 122C for performing a control concerning an 
exposure amount. Similarly, the second light source check 
sensor 135B supplies information concerning a lighting time 
of the second light source 131B and information concerning 
whether the second light source 131B is on at the moment 
to the exposure amount control system 122C. An internal 
timer in the first or second light source check sensor 135A, 
135B is reset when the corresponding first or second light 
source 131 A, 13 IB is exchanged The exposure amount 
control system 122C controls lighting/unlighting operations 
of the first and second light sources 131A, 131B through the 
lamp power sources 132A, 132B, respectively. 

After the illumination light emitted from the first light 
source 13 1A (for example, the i line of wavelength 365 nm) 
is converged by the elliptic mirror 133 A, an input lens 13 6 A 
converts it into a beam of nearly parallel rays, which is let 
to enter a diffraction grating plate 137 at a predetermined 
incident angle. Similarly, the illumination light emitted from 
the second light source 131B (for example, the i line of 
wavelength 365 nm) is converged by the elliptic mirror 
133B, and thereafter it is converted into a beam of nearly 
parallel rays by an input lens 136B. Then the beam is 
incident into the diffraction grating 137 at an incident angle 
symmetric with the illumination light from the first light 
source 131A with respect to the optical axis of illumination 
optical system (a chain line in the drawing). Shutters 138A, 
138B are located near the second foci of the respective 
elliptic mirrors 133 A, 133B, so that the exposure amount 
control system 122C can control an exposure amount 
(exposure time) by opening or closing the shutters 138A, 
138B through respective drive units 139A, 139B. 

The diffraction grating plate 137 is so arranged that a 
diffraction grating pattern of projections and recesses is 
formed at a predetermined pitch in the direction parallel to 
the plane of FIG. 7 on a glass substrate (for example a quartz 
substrate) which is transparent for the illumination light. The 
pitch of the diffraction grating pattern is so determined that 
a zeroth order diffraction beam and a first order diffraction 
beam emergent from the diffraction grating pattern with 
irradiation of illumination light from the first light source 
131A are outgoing symmetric with each other with respect 
to the normal line to the diffraction grating plate 137, Also, 
the depth of grooves formed by the projections and recesses 
in the diffraction grating pattern on the diffraction grating 
plate 137 is so determined that a light quantity of the zeroth 
order diffracted beam and a light quantity of the first order 
diffracted beam outgoing symmetric with each other relative 
to the normal line to the diffraction grating plate 137 are 
equal to each other 

In the present embodiment, the illumination light from the 
second light source 131B is incident into the diffraction 
grating plate 137 as being symmetric with the illumination 
light from the first light source 131 A with respect to the 
optical axis of the illumination optical system (the normal 
line to the diffraction grating 137) as described above. Thus, 
emergent from the diffraction grating plate 137 in symmetry 
with each other with respect to the optical axis AX of 
illumination optical system are a first illumination light 
beam ELI, which is obtained by combining the zeroth order 
diffraction beam emergent from the diffraction grating pat- 
tern with irradiation of iUumination light from the first light 
source 13 1A, with the -first order diffraction beam emergent 
from the diffraction grating pattern with irradiation of illu- 
mination light from the second light source 131B on a same 
axis, and a second illumination light beam EL2, which is 
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obtained by combining the +first order diffraction beam 
emergent from the diffraction grating pattern with irradiation 
of illumination light from the first light source 131 A with the 
zeroth order diffraction beam emergent from the diffraction 

5 grating pattern with irradiation of illumination light from the 
second light source 131B on a same axis. 

Then the first illumination beam ELI from the diffraction 
grating plate 137 is reflected by a mirror 140B to enter a first 
fly-eye lens 141 at a predetermined incident angle, while the 

to second illumination beam EL2 is reflected by a mirror 140A 
to enter the first fly-eye lens 141 as being symmetric with the 
first iUumination beam ELI with respect to the optical axis 
AX of the illumination optical system. A cross section of 
each lens element in the first fly-eye lens 141 is rectangular 

15 with the longitudinal direction along the direction parallel to 
the plane of FIG. 7, and two light source images are formed 
along the longitudinal direction on the exit plane of each lens 
element. 

Beams from a plurality of light source images on the exit 

20 plane of the first fly-eye lens 141 are guided through a first 
relay lens 142 into a second fly -eye lens 143 to form more 
light source images on the exit plane of the second fly-eye 
lens 143. Beams from these light source images are guided 
through a second relay lens 144 into a third fly-eye lens 145 

25 to form still further more light source images on the exit 
plane of the third fly-eye lens 145. Beams from the numer- 
ous light source images formed on the exit plane of the third 
fly-eye lens 145 are guided via a mirror 146, a third relay 
lens 147, a field stop (reticle blind) 148, a fourth relay lens 

30 149 and a main condenser lens 150 to illuminate a rectan- 
gular illumination area 151 on the reticle 112 with uniform 
illuminance. Here, a normal aperture stop having a circular 
(or rectangular) aperture, or an aperture stop for annular 
illumination or for modified light source may be placed in 

35 the vicinity of the exit plane of the third fly-eye lens 145. 
The present embodiment is so arranged that the entrance 
plane of the first fly-eye lens 141 is conjugate with each of 
the entrance plane of second fly-eye lens 143, the entrance 
plane of third fly-eye lens 145, the setting plane of reticle 

40 blind 148 and the pattern-formed surface of the reticle 112. 
Further, the shape of the rectangular illumination area 151 
on the reticle 114 is similar to the cross section of each lens 
element as a constituent of the third fly-eye lens 145. 
Accordingly, the reticle blind 148 has a role to cut the 

45 peripheral portion of the illumination area 151 thus deter- 
mined by the cross section of lens elements. 

Next described in detail referring to FIG. 9 is a state of the 
light source images in the illumination optical system of the 
present embodiment. FIG. 9 shows the main elements in the 

50 illumination optical system of FIG. 7. In FIG. 9, the illu- 
mination area 151 on the reticle 112 is rectangular as 
elongate in the X direction with the X-directional width 
being L and the Y-directional width being D (D<L). In FIG. 
9, the reticle blind 148 and the lens systems of FIG. 7 are 

55 omitted. During exposure by the slit scan method the reticle 
112 is moved along the Y direction, i.e., in the direction of 
the short sides of the illumination area 151. In this case, 
directions in the first to third fly-eye lenses 141, 143, 145 
corresponding to the X direction and the Y direction on the 

60 reticle 112 are defined as XI direction and Yl direction, 
respectively. For convenience of description, it is assumed 
that the first fly-eye lens 141 is composed of two lens 
elements 141a, 141b arranged in the Yl direction and that 
the second fly-eye lens 143 is composed of two lens ele- 

65 ments 143a, 143b arranged in the XI direction. A cross 
section of lens element 141a, 1416 is of a rectangle in which 
a ratio between the Xl-directional width and the 



III ' 'l'" 1 !l!lfl!JI! |r 



5,991,009 

17 18 

Yl-directional width is 2:1, and a cross section of lens element 145a. The eclipse reduces a quantity of light reach- 
element 143a, 1435 is square. ing the reticle 112. 

Also, the third fly-eye lens 145 is composed of lens On the other hand, FIG. 10B shows a case in which the 

elements 145a, 1455, ... as arranged in five columns in the illumination light is made incident along two directions m 
Yl direction and three rows in the XI direction, and a ratio 5 the longer-side direction of lens element 145a. In FIG. 10B, 
between the Xl-directional width and the Yl-directional two spots 159A, 159B of light source images are formed in 
width of each lens element is 5:3. Accordingly, the entire parallel in the longer-side direction on the exit plane of lens 
first fly-eye lens 141 has such a cross section that a ratio element 145a. Also in this case, hatched portions 159Aa 
between the Xl-directional length and the Yl-directional 159Ai> in the spot 159Aand hatched portions 159Ba, 159B5 
length is 1:1 (square). The entire second fly-eye lens 143 has 10 in the spot 159B are eclipsed, but the marginal field in the 
such a cross section that a ratio between the Xl-directional longitudinal direction can be effectively used, so that a light 
length and the Yl-directional length is 2:1. The entire third quantity of iflumination light can be almost doubled as 
fly-eye lens 145 has such a cross section that a ratio between compared with FIG. 10A. 

the Xl-directional length and the Yl-directional length is Returning to FIG. 7, an example of a method for using the 
1-1 (square) 15 two light sources 131A, 131B is next described. First, for 

In this case, the first illumination beam ELI and the example even if the first light source 131A is burned out (or 
second iUumination beam EU enter a substantially circular turned off), the illumination light from the second light 
region 152 on the entrance plane of first fly-eye lens 141 in source 131B enters the first fly-eye lens 141 in two direc- 
symmetry with each other with respect to the optical axis tions in the present embodiment. Accordingly, the density ot 
AX along the ±X1 directions. Consequently, two light 20 light source images is unchanged on the exit plane of the first 
source images 153 are formed along the XI direction on the fly-eye lens 141, so that there is no change in uniformity of 
exit plane of each lens element in the first fly-eye lens 141 illuminance distribution observed on the reticle 112. Also in 
(four light sources are formed in total). Also, iUumination order to keep a predetermined exposure amount on wafer 
beams from the light source images 153 illuminate a rect- 105 with use only of the second light source 131B equal to 
angular region 154 substantially equal to the cross section of 25 that with use of both the two light sources 131A, 131B the 
the entire second fly-eye lens 143, on the entrance plane of scanning velocities of the reticle 112 and the wafer 105 are 
second fly-eye lens 143, whereby fight source images 155 of to be decreased by half, for example. Then, for example 
two rows in the XI direction and two columns in the Yl during exchange or adjustment of the first light source 131A, 
direction are formed on the exit plane of each lens element the exposure on the wafer 105 can be continued with lighting 
in the second fly-eye lens 143 (eight light source images are 30 only the second light source 131B. 

formed in total in the entire second fly-eye lens). Similarly," There are cases not necessarily requiring a fight quantity 
illumination beams from the light source images 155 ilk- of synthesized illumination beams from the two light 
minate a square region 156 substantially equal to the cross sources 131A, 131B, for example in case of the wafer 1U5 
section of the entire third fly-eye lens 145, on the entrance of FIG. 8 being coated with a high-sensitivity photoresist. In 
plane of third fly-eye lens 145, whereby light source images 35 such a case, the exposure amount control system 122C turns 
157 of four rows in the XI direction and two columns in the off one of the first and second fight sources 131A, 131B 
Yl direction are formed on the exit plane of each lens through the lamp power source 132A, 132B under a corn- 
element in the third fly-eye lens 145. The total number of mand from the main control system 122Ain FIG_ 7_This can 
light source images formed on the exit plane of the third extend the fife of the two light sources 131A, 131B m total, 
fly-eye lens 145 is 120 (=8x5x3). 40 If for example only the first light source 131Ais turned on 

Then illumination beams from the 120 light source for a high-sensitivity photoresist and when the fighting Jime 
images 157 formed by the third fly-eye lens 145 illuminate as integrated in the first light source check sensor 135A 
the rectangular illumination area 151 on the reticle 112 in a reaches the life of the light source, the exposure amount 
superimposed manner. Since the ratio between the control system 122C lights the second fight source 131B 
Xl-directional length and the Yl-directional length of each 45 through the lamp power source 132B. After that, the expo- 
lens element in the third fly-eye lens 145 is 5:3, a ratio of the sure amount control system 122C opens the shutter 138B lor 
X-directional length L and the Y-directional length D of the the second light source 131B and simultaneously closes the 
illumination area 151 is 5:3. In this case, since the illumi- shutter 138A for the first fight source 131A, through the 
nation beams ELI, EL2 are made incident along two direc- driving units 139A, 139B. By this, switching to the second 
tions (±X1 directions) into the first fly-eye lens 141 com- 50 fight source 131B can be done before the first light source 
posed of the lens elements 41a, 41b with a cross section long 131Ais burned out, whereby interruption of exposure opera- 
in the XI direction in the present embodiment, the density tion can be avoided. 

of light source images in the XI direction is doubled so as A modification of the second embodiment is next 

to improve the illuminance uniformity in the X direction in described referring to FIG. 11. In FIG. 11, portions corre- 
the iUumination area 151. It should be noted that FIG. 9 55 spending to those in FIG. 7 are denoted by the same 
shows a reduced number of lens elements for each of the first reference numerals and so will not be explained in detail, 
to the third fly-eye lenses 141, 143, 145 for brevity of The illumination optical system of this example is different 
description, but more lens elements are used in practice. only in the light source system up to the first fly-eye lens 141 

FIG. 9 showed an example in which the aspect ratio of the from the illumination optical system in FIG. 7. Therefore, 
illumination area 151 on the reticle 112 was 5:3. If this ratio 60 the following description is focused on the light source 
becomes larger, an eclipse will occur as shown in FIGS. 10A system. 

and 10B FIG. lOAshows an exit plane of lens element 145a In FIG. 11, iUumination light from the first light source 
in the fly-eye lens in a case in which the illumination light 131 A is collected by an elliptic mirror 133A and then passes 
is guided into the fly-eye lens in one direction. In FIG. 10A, through an input lens 136A to enter a half prism 61. The 
it is seen that with a large spot 158 of a light source image, 65 illumination light is split into a first beam and a second beam 
hatched portions 158a, 1586 are eclipsed in the spot 158 of by the half prism 161. The first beam passing through the 
the light source image in the direction of short sides of lens half prism 161 advances via a relay lens 162A, a mirror 
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163A and a relay lens 164A and thereafter is reflected by a 
first reflecting surface of a triangular prism 165 to a first 
fly-eye lens 141. On the other hand, the second beam 
reflected by the half prism 161 advances via a relay lens 
162B, a mirror 163B and a relay lens 164B and thereafter is 
reflected by a second reflecting surface of the triangular 
prism 165 then to enter the first fly-eye lens 141 in a 
direction different from that of the first beam. The half prism 
161 is of a type having 50% reflection and 50% 
transmission, so that a beam from the first light source 131A 10 
is split into the first beam, and the second beam 50% each, 
to illuminate the first fly-eye lens 141 in two directions. 

Also, a beam from a second light source 131B is collected 
by an elliptic mirror 131B and then passes through an input 

lens 136B to enter the half prism 161. The plane of incidence is light source 131A (for example, the i line of wavelength 365 



be split into three or more beams and a plurality of corre- 
sponding beams (in a same number as the number of light 
sources) may be arranged to be synthesized on a same axis 
to enter the first fly-eye lens 141. 

The third embodiment of the present invention is next 
described referring to FIG. 12, In FIG. 12, members with the 
same functions and operationseas those in FIG. 7 are 
denoted by the same reference numerals and so will not be 
explained again. The illumination optical system of the 
present embodiment is different only in the light source 
system up to the first fly-eye lens 141 from the illumination 
optical system of FIG. 7. Therefore, the following descrip- 
tion is focused only on the light source system. 

In FIG. 12, an illumination beam ELa emitted from a first 



in this case is a surface orthogonal to the incident plane of 
the illumination beam from the first light source 131A. The 
illumination beam incident into this surface is split by the 
half prism 161. A first beam reflected by the half prism 161 
of the illumination light from the second light source 131B 20 
is combined with the first beam passing through the half 
prism 161 of the illumination fight from the first light source 
13 1A, forming a first illumination beam ELI. Also, a second 
beam passing through the half prism 161 of the illumination 
light from the second light source 131B is combined with the 25 
second beam reflected by the half prism 161 of the illumi- 
nation light from the first light source 131A, forming a 
second illumination beam ELI. 
By this arrangement, the first and second beams ELI, 



nm) is collected by an elliptic mirror 133A and thereafter is 
converted into a beam of nearly parallel rays by an input lens 
237 and enters a first fly-eye lens 141 at a predetermined 
incident angle. Illumination beam ELb emitted from a 
second light source 131B (for example, the i line of wave- 
length 365 nm) is collected by an elliptic mirror 133B and 
thereafter is reflected by a reflecting surface of shutter 138B. 
Then the illumination beam ELb is converted into a beam of 
nearly parallel rays by input lens 237 and enters the first fly's 
lens 141 at an incident angle symmetric with the illumina- 
tion beam from the first light source 131 A with respect to the 
optical axis AX of illumination optical system. The shutter 
138B is located near the second focus of the elliptic mirror 
133B. Also, a shutter 138Ais located near the second focus 



EL2, which are synthesized from the beams from the first 30 of the elliptic mirror 133A, and an exposure amount control 



and second light sources 131 A, 13 IB, are incident at mutu- 
ally different incident angles on the first fly-eye lens 141. 
Accordingly, light source images corresponding to the first 
and second beams ELI, EL2 are formed with approximately 
the same light quantity on the exit plane of the first fly-eye 
lens 141. Since FIG. 11 employs the half prism 161 as the 
beam splitting optical system, the illumination beams from 
the first and second light sources 131A, 131B are supplied 
without any loss to the first fly-eye lens 141. Although FIG. 
11 is more complex in structure than FIG. 7, it is effective 
in case of illumination light with wide wavelength band- 
width or in case of large light source images, because the 
efficiency of splitting and synthesis is 100% and it uses no 
diffraction. 

Similarly as the embodiment of FIG. 7, this example also 
employs such an arrangement that shutters 138A, 138B for 
adjusting the illumination light from the first and the second 
light sources 131A, 131B are arranged to be driven by 
driving units 139A, 139B, respectively. In addition, light 
source check sensors 135A, 135B generate warnings con- 
cerning the lamp life and lighting (unlighting) of the first and 
the second light sources 131A, 131B to the exposure amount 
control system 122C. 

In the second embodiment as described above, the illu- 
mination beams from the two light sources 131A, 131B are 
made incident at mutually different incident angles into the 
beam splitting optical system (for example the diffraction 
grating plate 137 in FIG. 7). However, the illumination 
beams from the two light sources 131A, 131B may be 
arranged to be supplied into the beam splitting optical 
system approximately in parallel with each other. Also, 
using three or more light sources, illumination beams there- 
from may be arranged to be split and synthesized in the same 
manner as described above. Further, the second embodiment 
illustrates modes in which an illumination beam emitted 
from each of the plural light sources was split into two 
beams, but an illumination beam from each light source may 



system 122C controls for example an exposure amount by 
opening or closing the shutters 138A, 138B through driving 
units 139A, 139B, respectively. 

A half mirror 236A with a small reflectivity is located 
35 between the first light source 131A and the shutter 138A, so 
that a photoreceptor 135A receives the illumination light 
reflected by the half mirror 236A. On the other hand, another 
half m ir ror 236B with a small reflectivity is also located 
between the second light source 131B and the shutter 138B, 
40 so that a photoreceptor 135B receives the illumination light 
reflected by the half mirror 236B. Photoelectric conversion 
signals from the photoreceptors 135A, 135B are supplied to 
the exposure amount control system 122C. The exposure 
amount control system 122C controls emission power of the 
first and second light sources 131A, 131B through lamp 
power sources 132A, 132B such that levels (voltage values) 
of the photoelectric conversion signals from the photore- 
ceptors 135A, 135B become approximately equal to each 
other. This can equalize light quantities (illuminance values) 
of the two illumination beams ELa, ELb incident at different 
angles into the first fly-eye lens 141 with each other. 

As described above, the present embodiment can keep the 
illuminance uniformity unchanged on the reticle, even 
though the illuminance is increased using a plurality of light 
sources, by equilizing the emission power of the first and 
second light sources 131A, 131B with each other based on 
the photoelectric conversion signals from the photoreceptors 
135A, 135B. The present embodiment is so arranged that the 
illumination beams from the two light sources 13 1A, 131B 
are incident at different angles into the first fly-eye lens 141. 
The illumination beams from the two light sources 131A, 
131B may be, however, arranged to be incident into the first 
fly-eye lens 141 approximately in parallel with each other 
along the longitudinal direction of lens elements, because 
the cross section of each lens element in the first fly-eye lens 
141 is rectangular. In this case, in order to further enhance 
the illuminance uniformity, such an arrangement may be 
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